biological membranes that fulfil specific biological functions [2, 3] . Arguably the most 48 comprehensively studied type of bacterial lipid domain are clusters of cardiolipin forming at bacterial 49 cell poles and cell division sites [4] . Cardiolipin is a complex phospholipid species commonly found in 50 bacterial membranes, which is formed by two phosphatidylglycerol lipids linked together by an 51 additional glycerol via phosphodiester bonds. Consequently, cardiolipin carries a double negative 52 charge, a total of four fatty acid chains, and has an atypical conical molecular shape [5] . What makes 53 cardiolipin unique in the context of lipid domain studies is the existence a cardiolipin-specific 54 fluorescent membrane dye nonyl acridine orange (NAO) that allows the localisation and clustering-55 behaviour of cardiolipin to be analysed in living bacterial cells [4, 6] . Due to its positive charge, NAO 56 preferentially stains membranes containing anionic phospholipids. Upon interaction with cardiolipin, 57 NAO undergoes a redshift in the fluorescent emission spectrum, thereby allowing the microscopic 58 identification and visualisation of membrane areas that are enriched in cardiolipin [4, 6] . 59
By using NAO-staining, Mileykovskaya and co-workers showed in their seminal study that E. 60 coli membranes contain specific cardiolipin-enriched lipid domains that are localised at the cell poles 61 and cell division sites [6] . Importantly, these findings were independently confirmed by analysing the 62 composition of so-called minicells. These small cells are formed by a misplaced cell division occurring 63 at the cell pole, which results in small anucleate cells that are highly enriched in cell material normally 64 found at the cell poles. The analysis of the lipid composition of minicells revealed a clear enrichment 65 of cardiolipin, thereby providing strong support for the polar cardiolipin domain hypothesis [7] . The 66 mechanism through which cardiolipin accumulates at the cell poles is linked to the atypical conical 67 shape of the cardiolipin molecule, which provides preference to curved membrane found at the cell 68 poles [8] [9] [10] . By forming a polar landmark that allows cardiolipin-interacting proteins to be specificallytargeted to bacterial cell poles, cardiolipin domains have been suggested to be functionally linked to 70 several prominent cellular processes such as cell division, chemotaxis, and transport [11] [12] [13] [14] [15] . At last, 71 due to the high negative surface charge, polar cardiolipin domains have been discussed as preferred 72 targets for cationic membrane targeting antimicrobials such as host immunity peptides [16] [17] [18] [19] . 73
Recently, however, the strict specificity of NAO towards cardiolipin has been questioned [20] . 74
By carefully analysing the staining-specificity both in vitro and in vivo, Oliver and co-workers 75 concluded that the characteristic red-shifted fluorescence emission of NAO is not specific for dye 76 molecules interacting with cardiolipin but rather promiscuous for anionic phospholipids in general. 77
These studies were conducted in the Gram-negative model organism E. coli and much less attention has 78 been given to other bacteria with respect to rigorous testing the specificity of NAO-staining. Instead, 79 the broad conservation of cardiolipin-specific domains among bacterial species has been largely 80 accepted within the community. Due to the concerns emerging from the E. coli studies, we decided to 81 reanalyse both the existence of cardiolipin-domains, and the staining-specificity of NAO in the Gram-82 positive model organism B. subtilis. 83
To our surprise, when we stained B. subtilis wild type cells grown in LB medium with low 84 concentrations of NAO (100 nM), we did not observe the previously reported lipid domains (Fig. 1a) . 85
Instead, the NOA membrane stain was perfectly smooth both in the green wavelength range (500-550 86 nm), and in the potentially cardiolipin-specific red wavelength range (593-667 nm). In both cases, the 87 fluorophore was exited with 450-490 nm light. The only detectable local enrichment in fluorescent 88 NAO-signal was the enhanced fluorescence emitted by the septum; a phenomenon originating from 89 close proximity of two parallel membranes present at septum, which results in an increased septal signal 90 of any disperse membrane-associated fluorophore. The same absence of detectable lipid domains was 91 observed in DSM medium, which was the medium used in the original publication describing 92 cardiolipin domains in B. subtilis (Fig. 1a) [21]. In our laboratory, the standard technique to stain cells 93 with membrane dyes is to withdraw a 100-200 µl aliquot of an actively growing culture, and to stain 94 the cell suspension in a round bottom 2 ml Eppendorf tube with a perforated lid at the growth 95 temperature, and upon constant shaking. This is to ensure continuous aeration of the culture, which is 96 crucial to maintain the cells adequately energised [22, 23] , and to minimise changes in temperature,which can directly influence the analysed membranes by altering membrane fluidity and by triggering 98 adaptation of the lipid composition [24, 25] . While the exact staining conditions are not 99 comprehensively described in the original publication, the authors do mention that the staining was 100 carried out for 20 min at room temperature [21] . To test if different staining temperatures could explain 101 the discrepancy, we repeated the experiments with staining taking place at 20°C, as opposed to 102 incubation at the growth temperature of 37°C. Indeed, under these conditions we could reproduce the 103 previously published staining pattern with distinct domains present in the cytoplasmic membranes 104 (Figs. 1b and S1 ). However, a frequent domain formation was only observed in cells grown in the DSM 105 medium. A large majority of cells grown in LB medium were free of NAO-stained lipid domains even 106 upon staining at 20°C (Figs. 1b and S1). Consequently, we must conclude that actively growing B. 107 subtilis cells do not form lipid domains than can be preferentially stained by NAO. Instead, the detected 108 domains are a consequence of the staining procedure, and are limited to certain growth media. 109
Next, we analysed the cardiolipin-specificity of the staining pattern observed in DSM medium 110 upon cold shock. For this aim, we used a strain that carries deletions of the three known cardiolipin 111 synthase genes clsA, clsB and ywiE. To verify that our strain indeed does not synthesise cardiolipin, we 112 compared the thin layer chromatography profiles of lipid extracts from both the wild type and the 113 cardiolipin synthase-deficient strain. In brief, this analysis was carried out for cells grown in LB-114 medium at 37°C to an OD600 of 1.0 by extraction of polar lipids from freeze-dried cell pellet using a 115 modified Bligh and Dyer-solvent extraction protocol (initial extraction in choroform:methanol:0.3% 116 aqueous NaCl mixture of 1:2:0.8 (v/v/v), followed by transfer to the chloroform-phase by adjustment 117 to a ratio of 1:1:0.9) [26] . The TLC analysis and the identification of individual phospholipid species 118 were carried out as described in Tindall et al. (2007) [27] . The extraction and identification of the 119 phospholipids was carried out by the Identification Service of the DSMZ, Braunschweig, Germany. As 120 shown in Fig. 2a , the membranes of the tested cardiolipin synthase-deficient strain do not contain 121 detectable levels of cardiolipin. Unexpectedly, the domain formation observed upon cold shock with 122 NAO turned out to be indistinguishable between wild type cells and cardiolipin-deficient cells, thus 123
arguing that the observed domains are not specific clusters of cardiolipin (Fig. 2a) . The existence of 124
In this case, the domain formation was shown to require the synthesis of another common anionic lipid 126 species phosphatidylglycerol. Hence, clustering of other negatively charged phospholipids that 127 accumulate at the cell poles in the absence of cardiolipin was put forward as an explanation for the 128 observed domains [20] . In contrast to E. coli, phosphatidylglycerol is an essential phospholipid species 129 in B. subtilis, and depletion of phosphatidylglycerol synthase PgsA results in a lethal loss of membrane 130 integrity [28] . Therefore, we chose to test the anionic nature of the observed lipid domains with an 131 alternative method, and repeated the membrane staining of the cardiolipin-deficient deletion mutant 132 with an uncharged fluorescent membrane dye Nile Red [29, 30] . The cold shock-triggered lipid domain 133 pattern was readily detectable also with Nile Red (Fig. 2b) , thus ruling out a charge-driven mechanism 134 for the preferential staining. While this experiment formally does not disprove the possibility that the 135 observed domains are enriched in anionic phospholipids, negative charge appears not to be the defining 136 feature of these domains. Thus, the cold-shock triggered domain formation in B. subtilis is most likely 137 a phenomenon that is unrelated to the formation of polar anionic lipid domains in E. coli. 138
We have previously shown that dissipation of membrane potential results in delocalisation of 139 bacterial actin homologs MreB, Mbl, and MreBH; a process that is linked to formation of fluid lipid 140 domains that can be visualised with Nile Red [22, 28] . To test if the cold-shock induced lipid domains 141 also depend on MreB-homologs, we repeated the membrane staining experiments in a strain that is 142 deleted for mreB, mbl, and mreBH. However, these cells, which have lost their rod-shape due to the 143 absence of MreB-dependent lateral cell wall synthesis [31], were still forming NAO and Nile Red 144 stained lipid domains in a cold shock-dependent manner (Figs. 2b-c and S3 ). The mechanism that 145 triggers the formation of the observed lipid domains upon cold shock, and the composition and 146 physicochemical characteristic that define these domains remains elusive. More comprehensive future 147 studies are needed to properly characterise this novel type of cold shock-triggered bacterial lipid 148 domain. However, we must conclude that these lipid domains are not characterised by localised 149 clustering of cardiolipin. 150
At last, throughout our experiments we did not observe a noticeable difference in the intensity 151 of the fluorescence membrane staining between cells that synthesise cardiolipin and cells that do not. 152
This was also true for the red wavelength range, which has been postulated to be specific for cardiolipin.
To quantify this, we measured the red fluorescence intensity profiles for 30 NAO-stained cells grown 154 in LB medium for wild type (Fig. 2d) and for cardiolipin-deficient strain (Fig. 2e) . These measurements 155 clearly demonstrate that NAO-fluorescence is not a reliable reporter for cardiolipin in the Gram-positive 156 model organism B. subtilis. In the wider context, these findings highlight that, rather than relying on 157 data obtained from other species, the potential lipid-specificity of NAO must be verified for the used 158 bacterial species on a case-by-case basis, by using appropriate lipid synthase deletion strains. 159
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